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Clinical PerspectiveWhat Is New?Long‐term exposure to elevated low‐density lipoprotein cholesterol and non‐high‐density lipoprotein cholesterol concentrations increase atherosclerotic cardiovascular disease risk that is partially attenuated by statins.What are the Clinical Implications?Incorporation of lipid trajectories may add incremental prognostic information for atherosclerotic cardiovascular disease risk prediction beyond single occasion measurements.Maintenance of optimal levels of lipid concentrations over the life‐course may mitigate ASCVD (atherosclerotic cardiovascular disease) and mortality risk in the community.

Introduction {#jah34085-sec-0008}
============

Atherosclerotic cardiovascular disease (ASCVD) has been a leading cause of death among Americans for \>75 years and was the leading cause of total years of life lost globally in 2016.[1](#jah34085-bib-0001){ref-type="ref"}, [2](#jah34085-bib-0002){ref-type="ref"} Given the established risk of ASCVD and overall mortality associated with lipid levels,[3](#jah34085-bib-0003){ref-type="ref"}, [4](#jah34085-bib-0004){ref-type="ref"}, [5](#jah34085-bib-0005){ref-type="ref"}, [6](#jah34085-bib-0006){ref-type="ref"}, [7](#jah34085-bib-0007){ref-type="ref"}, [8](#jah34085-bib-0008){ref-type="ref"}, [9](#jah34085-bib-0009){ref-type="ref"}, [10](#jah34085-bib-0010){ref-type="ref"}, [11](#jah34085-bib-0011){ref-type="ref"} it is important to understand how variations in blood lipid levels throughout adulthood contribute to this risk by harnessing the power of serial measurements taken from the same individuals.

A few studies have examined the association between circulating lipid levels over time and the risk of ASCVD or all‐cause mortality[12](#jah34085-bib-0012){ref-type="ref"}, [13](#jah34085-bib-0013){ref-type="ref"}, [14](#jah34085-bib-0014){ref-type="ref"}, [15](#jah34085-bib-0015){ref-type="ref"} but these investigations either used mean or time‐averaged values of lipids during follow‐up,[12](#jah34085-bib-0012){ref-type="ref"}, [13](#jah34085-bib-0013){ref-type="ref"} or only examined the impact of a single lipid species.[14](#jah34085-bib-0014){ref-type="ref"}, [15](#jah34085-bib-0015){ref-type="ref"} In addition, investigators have identified long‐term patterns of blood pressure measurements (referred to as trajectories), and have then linked these patterns to the incidence of ASCVD events.[16](#jah34085-bib-0016){ref-type="ref"}, [17](#jah34085-bib-0017){ref-type="ref"}, [18](#jah34085-bib-0018){ref-type="ref"} In this context, there is limited information on the associations between trajectories of blood concentrations of total cholesterol, high‐density lipoprotein cholesterol (HDL‐C), low‐density lipoprotein cholesterol (LDL‐C), triglycerides, and non‐high‐density lipoprotein cholesterol (non‐HDL‐C), and the risk of ASCVD and mortality while simultaneously incorporating serial measurements and accounting for the uncertainty in trajectory assignment.

It is also essential to identify the factors influencing lipid levels during adulthood. Previous studies (cross‐sectional or using limited number of serial measurements) have shown that age, sex, body mass index (BMI), diabetes mellitus, use of lipid‐lowering medication, smoking status, alcohol consumption, as well as physical activity and dietary habits influence blood lipid levels.[13](#jah34085-bib-0013){ref-type="ref"}, [19](#jah34085-bib-0019){ref-type="ref"}, [20](#jah34085-bib-0020){ref-type="ref"}, [21](#jah34085-bib-0021){ref-type="ref"}, [22](#jah34085-bib-0022){ref-type="ref"}, [23](#jah34085-bib-0023){ref-type="ref"}, [24](#jah34085-bib-0024){ref-type="ref"}, [25](#jah34085-bib-0025){ref-type="ref"} However, to our knowledge, information identifying the longitudinal correlates of lipid measurements using serial measurements spanning 35 years is not yet available.

Much investigation into the association between lipid concentrations and ASCVD risk has been done using data from the Framingham Heart Study and these findings have been summarized by Wilson.[26](#jah34085-bib-0026){ref-type="ref"} However, to our knowledge, none of these previous endeavors defined trajectories of lipid concentrations or linked said trajectories to outcomes. To this end, we used data from participants of the Framingham Offspring cohort to characterize the longitudinal correlates of lipid levels over the adult life‐course, clustered individuals into trajectory groups based on their long‐term patterns of lipid concentrations, and finally used the results from the first 2 analyses to relate lipid trajectories to the incidence of ASCVD and death while simultaneously adjusting for appropriate confounders. We hypothesized that: (1) risk factors which have been shown to be related to lipids cross‐sectionally will also be related to lipid levels longitudinally; and (2) that trajectory groups representing higher levels of total cholesterol, LDL‐C, triglycerides, and non‐HDL‐C over the life course, as well as lower levels of HDL‐C, will be associated with an increased risk of ASCVD and all‐cause mortality.

Methods {#jah34085-sec-0009}
=======

The data that support the findings of this study are available from the corresponding author upon reasonable request.

Study Sample {#jah34085-sec-0010}
------------

Previous investigations have detailed the methods and design of the Framingham Offspring Study.[27](#jah34085-bib-0027){ref-type="ref"} All study participants provided written informed consent and the Boston University Medical Center Institutional Review Board approved all protocols for this longitudinal investigation.

We used several samples for this study, depending on the analyses performed; Figure [S1](#jah34085-sup-0001){ref-type="supplementary-material"} displays the timing of the data collection, while Figures [S2](#jah34085-sup-0001){ref-type="supplementary-material"} through S4 detail derivation of the various samples. Sample 1 was used for assessing the longitudinal correlates of blood lipids (Sample 1A for total cholesterol; Sample 1B for HDL‐C; Sample 1C for LDL‐C; Sample 1D for triglycerides; Sample 1E for non‐HDL‐C) and included participants of the Framingham Offspring cohort who attended at least 1 examination cycle from the second (1979--1983) to the ninth (2011--2014) cycle (Figure [S2](#jah34085-sup-0001){ref-type="supplementary-material"}).

Sample 2 was used to create the trajectory groups for the lipids (Sample 2A for total cholesterol; Sample 2B for HDL‐C; Sample 2C for LDL‐C; Sample 2D for triglycerides; Sample 2E for non‐HDL‐C) with the objective of later relating the groups to outcome events. The sample included participants in the Framingham Offspring cohort who attended at least 1 examination cycle between the second and eighth (2005--2008) cycles, inclusive (Figure [S3](#jah34085-sup-0001){ref-type="supplementary-material"}). Examination cycle 9 was not used for this analysis to ensure sufficient follow‐up time for the prospective analyses described below.

Sample 3 was used in survival analyses to link lipid trajectory groups (defined using sample 2) to incident ASCVD and all‐cause mortality (Sample 3A for total cholesterol; Sample 3B for HDL‐C; Sample 3C for LDL‐C; Sample 3D for triglycerides; Sample 3E for non‐HDL‐C). Sample 3 included the OFFSPRING cohort participants who attended the eighth examination cycle and were free of prevalent cardiovascular disease (including heart failure) and had no missing data on covariates at that time (Figure [S4](#jah34085-sup-0001){ref-type="supplementary-material"}). Participants in this sample were followed until the end of 2014.

Lipid Values {#jah34085-sec-0011}
------------

We used the following blood lipid concentrations for our analyses: total cholesterol, HDL‐C, LDL‐C, triglycerides, and non‐HDL‐C. Blood was drawn from participants at each examination cycle following an overnight fast of at least 10 hours. Biosamples were stored at −20 (pre‐1990 exams) to −80°C (post‐1990 exams) until they were assayed. Total cholesterol, HDL‐C and triglycerides values were directly measured using standardized assays[20](#jah34085-bib-0020){ref-type="ref"} and LDL‐C values were calculated using the 3 other lipid values according to the Friedewald formula[28](#jah34085-bib-0028){ref-type="ref"}:$${LDL} - C_{calculated} = {Total} - {{HDL} -} - C - \left( {{Triglycerides} \div 5} \right)$$

Per the Freidewald formula, LDL‐C values were set to missing for all person‐examinations where triglyceride levels exceeded 400 mg/dL (n=352 person‐examinations). Non‐HDL‐C was calculated as follows:$${Non} - {HDL} - C = {Total} - {HDL} - C$$

Outcomes {#jah34085-sec-0012}
--------

For the prospective analysis, we evaluated incidence of fatal and non‐fatal atherosclerotic cardiovascular disease (coronary heart disease, stroke, or transient ischemic attack, and intermittent claudication) and death from all causes. For these analyses, participants were followed from examination cycle 8 (2005--2008) until December 31, 2014. Framingham Study participants are under continuous surveillance for the development of adverse events, including ASCVD and death. ASCVD events are adjudicated by an end point review panel consisting of 3 physicians who scrutinize all relevant medical and hospitalization records. Deaths are confirmed through death certificate records and the cause of death is determined on the basis of the death certificate and detailed review of medical records and all information provided by attending physicians, medical examiners, and/or family members.

Statistical Analysis {#jah34085-sec-0013}
--------------------

### Sample characteristics {#jah34085-sec-0014}

Descriptive statistics were calculated using Samples 1A and 3A (the largest samples). Summary statistics for Sample 1A were generated using characteristics measured at the first examination attended by each participant. Summary statistics for Sample 3A were generated using data at examination cycle 8.

### Longitudinal analysis of correlates of blood lipid concentrations {#jah34085-sec-0015}

In the analyses assessing the longitudinal correlates of lipid concentrations, we recalculated lipid levels in participants at examinations at which they reported use of lipid‐lowering medications.[29](#jah34085-bib-0029){ref-type="ref"} Use of lipid‐lowering medication was self‐reported at examination cycles 2 to 7 and verified by study staff upon review of provided medication bag at examination cycles 8 and 9. We adjusted measurements of total cholesterol, LDL‐C, and non‐HDL‐C taken from individuals who were on lipid‐lowering medications to reflect the impact of these medications. More specifically, for total cholesterol levels measured since the beginning of 1994, when lipid‐lowering medication use became more widespread, levels were divided by 0.8 among those receiving lipid‐lowering medication (ie, Total~adjusted~ = Total~measured~ ÷ 0.8).[29](#jah34085-bib-0029){ref-type="ref"} Additionally, the adjusted values for LDL‐C were calculated according to the Friedewald equation[28](#jah34085-bib-0028){ref-type="ref"} using Total~adjusted~ in place of Total~measured~ (ie, LDL‐C~adjusted~=Total~adjusted~--HDL‐C--(Triglycerides ÷ 5)). Similarly, adjusted non‐HDL‐C values were calculated as non‐HDL‐C~adjusted~= Total~adjusted~--HDL‐C. For total cholesterol, LDL‐C, and non‐HDL‐C levels measured before 1994, values remained as measured. We did not use any such correction for HDL‐C or triglyceride values.[29](#jah34085-bib-0029){ref-type="ref"}

To assess the longitudinal correlates of lipid concentrations we used multilevel statistical modeling, allowing us to analyze data at 2 levels---within the same individuals over time and across different individuals. A strength of these models is that they accommodate estimation of the impact of covariates on temporal patterns at a study sample level in addition to the overall pattern of change over time at the individual level. Models included a random intercept and random slope for age to account for a different starting value of the lipids for each participant as well as for a different slope for age. Maximum likelihood estimation was used as the maximization criterion with an unstructured covariance matrix. In these models the lipids (total cholesterol, HDL‐C, LDL‐C, triglycerides, and non‐HDL‐C) were used as dependent variables, with separate models for each trait. Triglyceride values were natural logarithmically‐transformed to normalize their distribution. Age, sex, BMI, smoking status, moderate‐to‐heavy drinking (defined as \>7 drinks per week for women and \>14 drinks per week for men), total caloric intake, physical activity index, diabetes mellitus status, systolic blood pressure (SBP), use of antihypertensive medications, and use of lipid‐lowering medications were candidate independent variables. We also tested for effect modification by age and sex by including 2‐way interaction terms between the aforementioned candidate variables and age and sex separately. We additionally tested for an interaction between smoking and moderate‐to‐heavy alcohol consumption since these substances are often used together and the simultaneous use of these substances could impact lipid concentrations more than the sum of their individual effects. Backward selection was used to choose statistically significant main effects from those listed above. Statistically significant interaction terms were also plotted to visually assess the degree of effect modification. As a sensitivity analysis, models assessing correlates of lipids were also stratified by sex attributable to the rapid increase in lipid levels among women during menopause.[30](#jah34085-bib-0030){ref-type="ref"}

### Characterization of trajectories of lipid concentrations {#jah34085-sec-0016}

After identifying the longitudinal correlates of the lipids under study, we next categorized participants into longitudinal trajectory groups separately for each lipid. To identify the subgroups of individuals whose underlying lipid trajectories were similar, group‐based modeling was implemented using SAS Proc Traj[31](#jah34085-bib-0031){ref-type="ref"} in Samples 2A to 2E. This technique allows users to specify the number of distinct patterns that exist within the dependent variable (lipids) and models the dependent variable as a function of time (age), with up to fifth order polynomials on the time variable, and time‐varying covariates (use of lipid‐lowering medication). Inclusion of lipid‐lowering medication as a time‐varying covariate allowed us to model the impact of beginning a statin regimen. The algorithm then assigns each person a probability of membership in each of the groups. The model allows for the inclusion of individuals with measurements at a single time‐point (which can induce uncertainty surrounding group membership for that individual, but provides additional data to help estimate the coefficients defining the trajectories), as well as individuals with multiple measurements (either sequentially, or with gaps between assessments). As recommended by Jones et al[31](#jah34085-bib-0031){ref-type="ref"}, to identify the "best" model, we fit several models ranging from single group models to 5‐group models with polynomials of varying degrees in each group and then compared model fit on the basis of Bayesian Information Criteria (BIC). We also ensured that each trajectory group contained a sufficient sample size to adequately define the beta coefficients associated with the polynomial terms on age. To further assess that our chosen models were a good fit to the data, we ensured that each model satisfied all 4 model fit diagnostic criteria laid out by Nagin.[32](#jah34085-bib-0032){ref-type="ref"} Assuming that participants were assigned to the trajectory group for which their posterior probability of membership was highest, the model fit criteria are: (1) average posterior probability of group membership among individuals assigned to that group AvePP~*j*~ ≥0.7 for all groups (*j*=1,...,*J*,*J* is number of trajectory groups); (2) the odds of correct classification OCC~*j*~ \>5 for all groups; (3) reasonably close agreement between probability of membership in group *j* (π~*j*~) and proportion of the sample assigned to group *j* (P~*j*~); and (4) narrow CI about π~*j*~ for all *j*.

Using this algorithm, we identified 5 distinct trajectories for total cholesterol, LDL‐C, and HDL‐C, and 4 distinct trajectories for triglycerides and non‐HDL‐C.

To assess the impact of lipid‐lowering medication on the overall shape of the trajectories, we performed a supplemental analysis excluding all person‐exams where individuals reported use of lipid‐lowering medication.

### Trajectories of lipid concentrations and incident ASCVD and all‐cause mortality {#jah34085-sec-0017}

Finally, we evaluated the association between the trajectory groups (modeled as a categorical variable) and incidence of ASCVD and all‐cause mortality on follow‐up after examination cycle 8, adjusting for variables identified to be associated with each lipid trait in the aforementioned analyses. We accounted for the uncertainty surrounding lipid trajectory group membership by treating group assignment as unknown and generated 50 multiple imputations of trajectory group assignment within Samples 3A to 3E.[18](#jah34085-bib-0018){ref-type="ref"} In every imputed dataset, each person\'s group membership was drawn from a multinomial distribution whose probability parameters consisted of that person\'s unique posterior probabilities of membership in each of the groups. After asserting that the proportional hazards assumption was met by assessing interactions between trajectory group and time (*P*\>0.05 for all), we fit a Cox proportional hazards regression model for each of the 50 datasets to examine the association of lipid trajectory groups (independent variable) with incident ASCVD and all‐cause mortality (separate models for each outcome) and then combined our results across the multiple imputations. Baseline hazards were allowed to differ between men and women since ASCVD risk during middle age differs by sex[33](#jah34085-bib-0033){ref-type="ref"} and models were adjusted for use of lipid‐lowering medications, smoking status, diabetes mellitus, BMI, and SBP as well as other variables found to be significantly associated with each lipid in the analysis assessing the correlates of the lipids under study. Specifically, models with total cholesterol trajectory group as the exposure of interest were additionally adjusted for moderate‐to‐heavy alcohol consumption and use of antihypertensive medication; models with HDL‐C trajectory groups as the exposure of interest were adjusted for moderate‐to‐heavy alcohol consumption and physical activity index; models with LDL‐C trajectory groups as the exposure of interest were also adjusted for moderate‐to‐heavy alcohol consumption, total caloric intake, and use of antihypertensive medication; models with triglyceride trajectory groups as the exposure of interest were adjusted for total caloric intake, physical activity index, and use of antihypertensive medication; and Cox proportional hazards regression models with non‐HDL‐C as the independent variable of interest were additionally adjusted for total caloric intake and physical activity index. We additionally tested for a statistical interaction between trajectory group and use of lipid‐lowering medications in all models.

### Predictive ability of lipid trajectory groups compared with other methods of lipid adjustment {#jah34085-sec-0018}

We used the c‐statistic to determine the utility of lipid trajectory groups as our exposure of interest compared with a simple adjustment for lipids at exam 8 or adjustment for the average lipid level over examination cycles 2 to 8. We first fit a base model without adjustment for lipids and then assessed the change in c‐statistic when adding the lipid to this base model. Each lipid was added to the model in 3 separate ways (categorical trajectory group, measured lipid level at examination 8, average lipid level from exams 2--8) for each lipid and both outcomes (ASCVD and all‐cause mortality).

### Sensitivity analyses {#jah34085-sec-0019}

As a sensitivity analysis, we used a common set of covariates in all Cox regression models (lipid‐lowering medication use, smoking status, diabetes mellitus, BMI, total caloric intake, moderate‐to‐heavy alcohol consumption, physical activity, SBP, and use of antihypertensive medications) so that results across lipid subtypes were more comparable.

To assess the robustness of our results to modeling technique, instead of accounting for the uncertainty of group membership with a multiple imputation technique, we fit weighted Cox regression models and created weighted Kaplan--Meier curves. Here, each person was represented in the data set *J* times, where *J* is the number of trajectory groups for each lipid (*J*=5 for total cholesterol, LDL‐C, and HDL‐C; *J*=4 for triglycerides and non‐HDL‐C). For each of the *J* records in the data set, all participants were assigned to trajectory group *j* (*j*=1, ..., *J*) with a weight equal to his or her posterior probability of membership in the *j* ^th^ trajectory group, *P*(*j*\|Y~i~). Models were adjusted for the same covariates that were used in the multiple imputation approach, baseline hazards were allowed to differ between men and women, and a robust sandwich estimator was used to account for intra‐person correlation.

Finally, we repeated survival analyses using incident heart failure as our dependent variable to determine whether lipid trajectories influence heart failure risk since its causal pathways are more diverse than those of atherosclerotic end points.[34](#jah34085-bib-0034){ref-type="ref"}

Statistical significance was assessed using a 2‐sided *P*\<0.05. All analyses were performed using SAS software version 9.4. (Cary, NC). The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.

Results {#jah34085-sec-0020}
=======

Sample Characteristics {#jah34085-sec-0021}
----------------------

The baseline characteristics of Samples 1A and 3A are shown in Table [1](#jah34085-tbl-0001){ref-type="table"}. Race/ethnicity is not included in the summary statistics as the Offspring cohort is predominantly composed of white individuals of European descent. Participants in sample 1A were middle aged, with a moderate prevalence of smokers. Participants in sample 3A were older, with a BMI in the overweight range, and a high proportion of hypertension (Table [1](#jah34085-tbl-0001){ref-type="table"}).

###### 

Sample Characteristics[a](#jah34085-note-0003){ref-type="fn"}

  Characteristics                                                       Correlates Sample[b](#jah34085-note-0004){ref-type="fn"} (n=3875)   Prospective Sample[c](#jah34085-note-0005){ref-type="fn"} (n=2375)
  --------------------------------------------------------------------- ------------------------------------------------------------------- --------------------------------------------------------------------
  Age, y                                                                48±10                                                               65±9
  Men, %                                                                46                                                                  42
  Body mass index, kg/m^2^                                              26.3±4.8                                                            28.1±5.4
  Systolic blood pressure, mm Hg                                        123±17.4                                                            128±16.9
  Diastolic blood pressure, mm Hg                                       78±9.8                                                              74±9.8
  Hypertension, %                                                       27.2                                                                54.1
  Antihypertensive medication, %                                        12.8                                                                43.3
  Diabetes mellitus, %                                                  3.7                                                                 10.9
  Current smoking, %                                                    28.9                                                                8.7
  Moderate to heavy drinker, %[d](#jah34085-note-0006){ref-type="fn"}   20.3                                                                14.5
  Total caloric intake, kcal/day                                        1857±636                                                            1883±634
  Physical activity index                                               35.5±6.3                                                            35.5±5.4
  Blood lipid concentrations                                                                                                                
  Total cholesterol, mg/dL                                              205±39                                                              191±36
  HDL cholesterol, mg/dL                                                51±15                                                               59±18
  LDL cholesterol, mg/dL                                                132±36                                                              109±30
  Triglycerides, mg/dL                                                  115±86                                                              116±67
  Non‐HDL cholesterol, mg/dL                                            155±41                                                              132±34
  Lipid lowering medication use, %                                      2.5                                                                 36.1

HDL indicates high‐density lipoprotein; LDL, low‐density lipoprotein.

Numbers represent mean±SD for continuous variables and percentage corresponding to "yes" for dichotomous variables

Characteristics for correlates sample (sample 1A) were measured at each participant\'s first attended examination between exams 2 and 9 (for 88% of sample, this was exams 2, 3, or 4).

Characteristics for the prospective sample (sample 3A) were measured at the same examination (exam cycle 8 \[2005--2008\]) for all participants.

Defined as \>7 drinks per week for women and \>14 drinks per week for men.

Longitudinal Analysis of Correlates of Blood Lipid Concentrations {#jah34085-sec-0022}
-----------------------------------------------------------------

Using linear mixed effects models, age and SBP were positively associated with all lipids. For total cholesterol, LDL‐C, triglycerides, and non‐HDL‐C the association with age was modified by: sex (total cholesterol, LDL‐C, and non‐HDL‐C), BMI (total cholesterol), total caloric intake (LDL‐C and non‐HDL‐C), and diabetes mellitus status (total cholesterol, triglycerides, and non‐HDL‐C). Interpretations of the age effect must incorporate these interactions (Table [2](#jah34085-tbl-0002){ref-type="table"}). For example, we can estimate that a 60 year‐old man would have an LDL‐C concentration that is 0.35 mg/dL higher than that of a 55 year‐old woman, who otherwise have the same values for the other covariates, including a total caloric intake of 2500 kcal per day and no use of antihypertensive medication as seen in the calculation below (only including terms that differ between the 2 individuals as the others would cancel out).$$\begin{array}{cl}
{{LDL} - C_{{Man}:60} = \left\lbrack {\beta_{\frac{Age}{5}}\left( \frac{60}{5} \right) + \beta_{Male}\left( 1 \right) + \beta_{\frac{{caloric}\,{intake}}{100}}\left( \frac{2500}{100} \right) + \beta_{\frac{Age}{5} \times {Male}}\left( {\frac{60}{5} \times 1} \right) + \beta_{\frac{Age}{5} \times \frac{{caloric}\,{intake}}{100}}\left( {\frac{60}{5} \times \frac{2500}{100}} \right)} \right\rbrack} & \\
 & {= \,\left\lbrack {\left( {0.54 \times 12} \right) + \left( {40.57 \times 1} \right) + \left( {- 0.57 \times 25} \right) + \left( {- 3.48 \times 12 \times 1} \right) + \left( {0.04 \times 12 \times 25} \right)} \right\rbrack} \\
 & {= 3.04} \\
\end{array}$$ $$\begin{array}{cl}
{{LDL} - C_{{Woman}:55} = \left\lbrack {\beta_{\frac{Age}{5}}\left( \frac{55}{5} \right) + \beta_{Male}\left( 0 \right) + \beta_{\frac{{caloric}\,{intake}}{100}}\left( \frac{2500}{100} \right) + \beta_{\frac{Age}{5} \times {Male}}\left( {\frac{55}{5} \times 0} \right) + \beta_{\frac{Age}{5} \times \frac{{caloric}\,{intake}}{100}}\left( {\frac{55}{5} \times \frac{2500}{100}} \right)} \right\rbrack} & \\
 & {= \left\lbrack {\left( {0.54 \times 11} \right) + \left( {40.57 \times 0} \right) + \left( {- 0.57 \times 25} \right) + \left( {- 3.48 \times 11 \times 0} \right) + \left( {0.04 \times 11 \times 25} \right)} \right\rbrack} \\
 & {= 2.69} \\
\end{array}$$ $${LDL} - C_{{Man}:60} - \,{LDL} - C_{{Woman}:55} = \, 3.04 - 2.69 = 0.35$$

###### 

Longitudinal Correlates of Lipid Concentrations

  Correlate[a](#jah34085-note-0008){ref-type="fn"}   Total Cholesterol[b](#jah34085-note-0009){ref-type="fn"}   HDL Cholesterol   LDL Cholesterol[b](#jah34085-note-0009){ref-type="fn"}   Log Triglycerides   Non‐HDL Cholesterol[b](#jah34085-note-0009){ref-type="fn"}                                          
  -------------------------------------------------- ---------------------------------------------------------- ----------------- -------------------------------------------------------- ------------------- ------------------------------------------------------------ ---------- -------- ---------- ------- ----------
  Age, 5 y                                           10.26                                                      \<0.0001          1.56                                                     \<0.0001            0.54                                                         0.12       0.04     \<0.0001   1.08    0.005
  Male, sex                                          41.37                                                      \<0.0001          −11.81                                                   \<0.0001            40.57                                                        \<0.0001   0.10     \<0.0001   54.27   \<0.0001
  Body mass index, kg/m^2^                           3.34                                                       \<0.0001          −1.02                                                    \<0.0001            0.84                                                         \<0.0001   0.04     \<0.0001   1.92    \<0.0001
  Smoking                                            3.64                                                       \<0.0001          −3.10                                                    \<0.0001            6.05                                                         \<0.0001   0.07     \<0.0001   6.57    \<0.0001
  Moderate‐to‐heavy drinking                         4.55                                                       \<0.0001          3.55                                                     \<0.0001            0.86                                                         0.20       ···      ···        ···     ···
  Total caloric intake, 100 kcal                     ···                                                        ···               ···                                                      ···                 −0.57                                                        0.003      0.002    0.002      −0.69   0.001
  Physical activity index, 1 point                   ···                                                        ···               0.04                                                     0.0007              ···                                                          ···        −0.003   \<0.0001   −0.10   0.009
  Diabetes mellitus                                  23.22                                                      0.0015            −1.78                                                    \<0.0001            −6.39                                                        \<0.0001   0.93     \<0.0001   45.29   \<0.0001
  Systolic blood pressure, mm Hg                     0.16                                                       \<0.0001          0.05                                                     \<0.0001            0.08                                                         \<0.0001   0.002    \<0.0001   0.12    \<0.0001
  Antihypertensive medication use                    37.28                                                      \<0.0001          ···                                                      ···                 33.25                                                        \<0.0001   0.02     0.049      ···     ···
  Lipid‐lowering medication use                      ···                                                        ···               2.38                                                     \<0.0001            ···                                                          ···        −0.11    \<0.0001   −5.70   \<0.0001
  Interactions                                                                                                                                                                                                                                                                                                     
  Age×male sex                                       −4.55                                                      \<0.0001          ···                                                      ···                 −3.48                                                        \<0.0001   ···      ···        −4.53   \<0.0001
  Age×body mass index                                −0.23                                                      \<0.0001          ···                                                      ···                 ···                                                          ···        ···      ···        ···     ···
  Age×total caloric intake                           ···                                                        ···               ···                                                      ···                 0.04                                                         0.009      ···      ···        0.06    0.003
  Age×diabetes mellitus status                       −2.18                                                      0.0002            ···                                                      ···                 ···                                                          ···        −0.06    \<0.0001   −3.95   \<0.0001
  Smoking×moderate‐to‐heavy drinking                 ···                                                        ···               ···                                                      ···                 −3.28                                                        0.01       ···      ···        ···     ···
  Male sex×diabetes mellitus status                  ···                                                        ···               ···                                                      ···                 ···                                                          ···        −0.10    0.002      ···     ···
  Male sex × lipid lowering medication use           ···                                                        ···               ···                                                      ···                 ···                                                          ···        −0.14    \<0.0001   ···     ···
  Age × antihypertensive medication use              −3.08                                                      \<0.0001          ···                                                      ···                 −2.77                                                        \<0.0001   ···      ···        ···     ···

Interaction Example 1: We estimate that a 60 year‐old man would have an LDL‐C concentration that is 0.35 mg/dL higher than that of a 55 year‐old woman, who otherwise have the same values for the other covariates, including a total caloric intake of 2500 kcal per day, and that neither are on antihypertensive medications as seen below (only including terms that differ between the 2 individuals as the others would cancel out).$$\begin{array}{cl}
{{LDL} - C_{{Man}:60}} & {= \left\lbrack {\beta_{\frac{Age}{5}}\left( \frac{60}{5} \right) + \beta_{Male}\left( 1 \right) + \beta_{\frac{{caloric}\,{intake}}{100}}\left( \frac{2500}{100} \right) + \beta_{\frac{Age}{5} \times {Male}}\left( {\frac{60}{5} \times 1} \right) + \beta_{\frac{Age}{5} \times \frac{{caloric}\,{intake}}{100}}\left( {\frac{60}{5} \times \frac{2500}{100}} \right)} \right\rbrack} \\
 & {= \,\left\lbrack {\left( {0.54 \times 12} \right) + \,\left( {40.57 \times 1} \right) + \left( {- 0.57 \times 25} \right) + \left( {- 3.48 \times 12 \times 1} \right) + \left( {0.04 \times 12 \times 25} \right)} \right\rbrack\, = 3.04} \\
\end{array}$$ $$\begin{array}{cl}
{{LDL} - C_{{Woman}:55} = \left\lbrack {\beta_{\frac{Age}{5}}\left( \frac{55}{5} \right) + \beta_{Male}\left( 0 \right) + \beta_{\frac{{caloric}\,{intake}}{100}}\left( \frac{2500}{100} \right) + \beta_{\frac{Age}{5} \times {Male}}\left( {\frac{55}{5} \times 0} \right) + \beta_{\frac{Age}{5} \times \frac{{caloric}\,{intake}}{100}}\left( {\frac{55}{5} \times \frac{2500}{100}} \right)} \right\rbrack} & \\
 & {= \left\lbrack {\left( {0.54 \times 11} \right) + \left( {40.57 \times 0} \right) + \left( {- 0.57 \times 25} \right) + \left( {- 3.48 \times 11 \times 0} \right) + \left( {0.04 \times 11 \times 25} \right)} \right\rbrack} \\
 & {= 2.69} \\
\end{array}$$ $${LDL} - C_{{Man}:60} - \,{LDL} - C_{{Woman}:55} = \, 3.04 - 2.69 = 0.35$$Interaction Example 2: For a woman aged \>65 years and a man aged 70 years, we would estimate that the woman\'s LDL‐C would exceed the man\'s LDL‐C by 6.61 mg/dL---a change in both direction and magnitude from Interaction Example 1.$$\begin{array}{cl}
{{LDL} - C_{{Woman}:65}} & {= \left\lbrack {\beta_{\frac{Age}{5}}\left( \frac{65}{5} \right) + \beta_{Male}\left( 0 \right) + \beta_{\frac{{caloric}\,{intake}}{100}}\left( \frac{2500}{100} \right) + \beta_{\frac{Age}{5} \times {Male}}\left( {\frac{65}{5} \times 0} \right) + \beta_{\frac{Age}{5} \times \frac{{caloric}\,{intake}}{100}}\left( {\frac{65}{5} \times \frac{2500}{100}} \right)} \right\rbrack} \\
 & {= \left\lbrack {\left( {0.54 \times 13} \right) + \left( {40.57 \times 0} \right) + \left( {- 0.57 \times 25} \right) + \left( {- 3.48 \times 13 \times 0} \right) + \left( {0.04 \times 13 \times 25} \right)} \right\rbrack\,} \\
 & {= 5.77} \\
\end{array}$$ $$\begin{array}{cl}
{{LDL} - C_{{Man}:70} = \left\lbrack {\beta_{\frac{Age}{5}}\left( \frac{70}{5} \right) + \beta_{Male}\left( 1 \right) + \beta_{\frac{{caloric}\,{intake}}{100}}\left( \frac{2500}{100} \right) + \beta_{\frac{Age}{5} \times {Male}}\left( {\frac{70}{5} \times 1} \right) + \beta_{\frac{Age}{5} \times \frac{{caloric}\,{intake}}{100}}\left( {\frac{70}{5} \times \frac{2500}{100}} \right)} \right\rbrack} & \\
 & {= \left\lbrack {\left( {0.54 \times 14} \right) + \left( {40.57 \times 1} \right) + \left( {- 0.57 \times 25} \right) + \left( {- 3.48 \times 14 \times 1} \right) + \left( {0.04 \times 14 \times 25} \right)} \right\rbrack} \\
 & {= - 0.84} \\
\end{array}$$ $${LDL} - C_{{Woman}:65} - \,{LDL} - C_{{Man}:70} = \, 5.77 - \left( {- 0.84} \right) = 6.61.$$HDL indicates high‐density lipoprotein; LDL, low‐density lipoprotein.

Final covariates chosen on the basis of backward selection. All covariates were updated at each Framingham examination, allowing for values to change over time.

Values of total cholesterol, LDL cholesterol, and non‐HDL cholesterol were adjusted to account for lipid‐lowering medication use.

If, however, the woman was 65 years old and the man was 70 years old, we would estimate that the woman\'s LDL‐C would exceed the man\'s LDL‐C by 6.61 mg/dL---a change in both direction and magnitude from the previous example as shown in the calculation below.$$\begin{array}{cl}
{{LDL} - C_{{Woman}:65} = \left\lbrack {\beta_{\frac{Age}{5}}\left( \frac{65}{5} \right) + \beta_{Male}\left( 0 \right) + \beta_{\frac{{caloric}\,{intake}}{100}}\left( \frac{2500}{100} \right) + \beta_{\frac{Age}{5} \times {Male}}\left( {\frac{65}{5} \times 0} \right) + \beta_{\frac{Age}{5} \times \frac{{caloric}\,{intake}}{100}}\left( {\frac{65}{5} \times \frac{2500}{100}} \right)} \right\rbrack} & \\
 & {= \left\lbrack {\left( {0.54 \times 13} \right) + \left( {40.57 \times 0} \right) + \left( {- 0.57 \times 25} \right) + \left( {- 3.48 \times 13 \times 0} \right) + \left( {0.04 \times 13 \times 25} \right)} \right\rbrack} \\
 & {\, = 5.77} \\
\end{array}$$ $$\begin{array}{cl}
{{LDL} - C_{{Man}:70} = \left\lbrack {\beta_{\frac{Age}{5}}\left( \frac{70}{5} \right) + \beta_{Male}\left( 1 \right) + \beta_{\frac{{caloric}\,{intake}}{100}}\left( \frac{2500}{100} \right) + \beta_{\frac{Age}{5} \times {Male}}\left( {\frac{70}{5} \times 1} \right) + \beta_{\frac{Age}{5} \times \frac{{caloric}\,{intake}}{100}}\left( {\frac{70}{5} \times \frac{2500}{100}} \right)} \right\rbrack} & \\
 & {= \,\left\lbrack {\left( {0.54 \times 14} \right) + \,\left( {40.57 \times 1} \right) + \left( {- 0.57 \times 25} \right) + \left( {- 3.48 \times 14 \times 1} \right) + \left( {0.04 \times 14 \times 25} \right)} \right\rbrack} \\
 & {= - 0.84} \\
\end{array}$$ $${LDL} - C_{{Woman}:65} - \,{LDL} - C_{{Man}:70} = \, 5.77 - \left( {- 0.84} \right) = 6.61$$

In these models, male sex, higher BMI and current smoking were associated with higher levels of total cholesterol, LDL‐C, triglycerides, and non‐HDL‐C, and with lower levels of HDL‐C (Table [2](#jah34085-tbl-0002){ref-type="table"}), adjusting for all other variables. However, the increase in total cholesterol per unit increase in BMI was less among older adults compared with those who were younger, and the increase in LDL cholesterol among smokers was slightly attenuated among those who also had moderate alcohol consumption (indicating effect modification as reflected by the statistically significant interaction term in Table [2](#jah34085-tbl-0002){ref-type="table"}). Individuals with a higher physical activity index had higher concentrations of blood HDL‐C and lower levels of circulating triglycerides and non‐HDL‐C, after adjusting for other variables in the model.

When stratifying by sex, main effects are largely similar between men and women for most lipid subtypes (with slightly different magnitudes of association), but interactions differ somewhat (Tables [S1 and S2](#jah34085-sup-0001){ref-type="supplementary-material"}). Of note, menopause status greatly impacts all lipid concentrations among women (Table [S1](#jah34085-sup-0001){ref-type="supplementary-material"}).

Characterization of Trajectories of Lipid Concentrations {#jah34085-sec-0023}
--------------------------------------------------------

Using Samples 2A to 2E, we created trajectories for blood concentrations of total cholesterol, HDL‐C, LDL‐C, triglycerides, and non‐HDL‐C. Descriptions of each of the trajectory groups are given in Table [3](#jah34085-tbl-0003){ref-type="table"}. As expected because of our inclusion of lipid‐lowering medication as a time‐varying covariate in the trajectory models, the proportion of participants taking lipid‐lowering medications directly increased with trajectory groups corresponding to increasing levels of total cholesterol, LDL‐C, triglycerides, and non‐HDL‐C, and decreasing levels of HDL‐C (Table [3](#jah34085-tbl-0003){ref-type="table"}).

###### 

Lipid Trajectory Groups

  Lipid                                                  Group[a](#jah34085-note-0011){ref-type="fn"}   n (%)                                                                      Description and Mean Range[b](#jah34085-note-0012){ref-type="fn"}   Percent on Statins at Exam 8
  ------------------------------------------------------ ---------------------------------------------- -------------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------
  Total cholesterol                                      1                                              547 (23.0)                                                                 Optimal (155--165 mg/dL)                                            10.1
  2                                                      1050 (44.2)                                    Borderline (190--200 mg/dL)                                                31.3                                                                
  3                                                      586 (24.7)                                     Elevated (220--235 mg/dL)                                                  56.3                                                                
  4                                                      120 (5.1)                                      Elevated and decreasing (drops from 260 to 190 mg/dL over time)            75.0                                                                
  5                                                      72 (3.0)                                       Very elevated and decreasing (drops from 285 to 240 mg/dL over time)       73.6                                                                
  HDL cholesterol                                        1                                              463 (19.7)                                                                 Very low and stable (35--40 mg/dL)                                  51.4
  2                                                      783 (33.3)                                     Low and stable (45--50 mg/dL)                                              41.1                                                                
  3                                                      687 (29.2)                                     Borderline (55--60 mg/dL)                                                  33.0                                                                
  4                                                      325 (13.8)                                     High and slightly increasing (increases from 70 to 75 mg/dL over time)     17.9                                                                
  5                                                      95 (4.0)                                       Very high and increasing (increases from 80 to 100 mg/dL over time)        7.4                                                                 
  LDL cholesterol                                        1                                              323 (14.7)                                                                 Optimal (80--90 mg/dL)                                              6.8
  2                                                      825 (37.6)                                     Borderline (115--120 mg/dL)                                                23.6                                                                
  3                                                      710 (32.4)                                     Slightly elevated and decreasing (drops from 145 to 125 mg/dL over time)   45.9                                                                
  4                                                      290 (13.2)                                     Elevated and decreasing (drops from 170 to 135 mg/dL over time)            72.8                                                                
  5                                                      44 (2.0)                                       Very elevated and decreasing (drops from 220 to 155 mg/dL over time)       90.9                                                                
  Triglycerides[c](#jah34085-note-0013){ref-type="fn"}   1                                              571 (25.9)                                                                 Optimal (55--70 mg/dL)                                              16.8
  2                                                      997 (45.2)                                     Borderline (81--99 mg/dL)                                                  34.6                                                                
  3                                                      541 (24.5)                                     Elevated (134--164 mg/dL)                                                  55.3                                                                
  4                                                      96 (4.4)                                       Very elevated (245--314 mg/dL)                                             67.7                                                                
  Non‐HDL cholesterol                                    1                                              534 (24.2)                                                                 Optimal (100--115 mg/dL)                                            6.2
  2                                                      1043 (47.3)                                    Borderline (145--137 mg/dL)                                                31.7                                                                
  3                                                      537 (24.3)                                     Elevated and decreasing (drops from 185 to 157 mg/dL over time)            66.5                                                                
  4                                                      93 (4.2)                                       Very elevated and decreasing (drops from 235 to 180 mg/dL over time)       90.3                                                                

HDL, high‐density lipoprotein; LDL, low‐density lipoprotein.

Trajectories were defined on the basis of the association between each lipid and age. Provided ranges correspond to means. Variability (CIs) surrounding estimated means is displayed in [Figure](#jah34085-fig-0001){ref-type="fig"}.

Because trajectories are defined in terms of mean lipid levels, minimum and maximum lipid values in each group may not be equal to the extreme values in adjacent trajectory groups.

Triglycerides were analyzed on the log‐scale, but trajectory categories are described in terms of mg/dL.

The [Figure](#jah34085-fig-0001){ref-type="fig"} displays expected group percentages and plots of the trajectories for each of the lipids. Panel A displays the total cholesterol trajectories, while panel C displays the LDL‐C trajectories, and Panel E shows non‐HDL‐C trajectories. We observe that, for these lipids, groups 1 and 2 contain individuals with relatively stable lipid concentrations that range from optimal (total cholesterol:155--165 mg/dL; LDL‐C:80--90 mg/dL; non‐HDL‐C:100--115 mg/dL) to borderline (total cholesterol: 190--200 mg/dL; LDL‐C: 115--120 mg/dL; non‐HDL‐C: 145--137 mg/dL) values. In total cholesterol group 3, cholesterol levels are elevated (220--235 mg/dL) and stable while in the third LDL‐C trajectory group, lipid levels are elevated (145 mg/dL) but decrease to borderline levels (125 mg/dL) after age 60. Similar to LDL‐C group 3, non‐HDL‐C group 3 contains individuals whose concentrations are initially elevated (185 mg/dL) but decrease over time (157 mg/dL). For both total cholesterol and LDL‐C, groups 4 and 5, as well as non‐HDL‐C group 4 are composed of individuals with elevated lipid levels that decrease with increasing age as these individuals initiate a lipid‐lowering medication regimen. HDL‐C trajectories are displayed in panel B showing that groups 1, 2, and 3 contain individuals whose HDL‐C levels appear to be stable and consistently below 60 mg/dL over time whereas those individuals in HDL‐C trajectory groups 4 or 5 have healthy HDL‐C levels that are increasing with age. Triglyceride trajectories appear in panel D where we observe that all trajectories are stable over time.

![Plots of lipid trajectories using group‐based modeling with solid lines displaying the observed values while dotted lines and surrounding bands represent fitted trajectories and their corresponding 95% CI. Lipids were modeled as a function of age with lipid‐lowering medication usage included as a time‐varying covariate. Panel **A** displays trajectories of total cholesterol. Panel **B** displays trajectories of HDL‐C. Panel **C** includes LDL‐C trajectories. Panel **D** displays trajectories of triglycerides. Panel **E** displays trajectories of non‐HDL cholesterol.](JAH3-8-e011433-g001){#jah34085-fig-0001}

Examination of Table [S3](#jah34085-sup-0001){ref-type="supplementary-material"} indicates that all trajectories models sufficiently satisfy the trajectory model fit diagnostics laid out by Nagin,[32](#jah34085-bib-0032){ref-type="ref"} and thus these models are a good fit to the data.

Figure [S5](#jah34085-sup-0001){ref-type="supplementary-material"} displays trajectories from person‐exams among those who did not report using lipid‐lowering agents. Here, all trajectories are relatively stable over time indicating that the decreasing trends around age 50 years in panels A, C, and E of the Figure are attributable to the commencement of a statin regimen.

Trajectories of Lipid Concentrations and Incident Cardiovascular Disease and All‐Cause Mortality {#jah34085-sec-0024}
------------------------------------------------------------------------------------------------

During the follow‐up period (median=8.2 years), there were 199 incident ASCVD events and 256 deaths. The proportion of incident ASCVD events and deaths was higher among individuals with lower levels of HDL‐C and higher levels of total cholesterol, LDL‐C, triglycerides, and non‐HDL‐C (Table [4](#jah34085-tbl-0004){ref-type="table"}). There was no statistically significant interaction between trajectory group and use of lipid‐lowering medications in relation to either outcome, indicating that, while lipid‐lowering medication use did influence risk, its presence did not alter the association between lipid trajectory groups and risk of ASCVD or all‐cause mortality.

###### 

Adverse Outcomes by Lipid Trajectory Groups Using Multiple Imputation Approach

  Lipid                                                                      Group                                Incident ASCVD         All‐Cause Mortality                                                                 
  -------------------------------------------------------------------------- ------------------------------------ ---------------------- --------------------- ----------------- --------------------- --------------------- ----------
  Total Cholesterol                                                          Optimal (155--165 mg/dL)             23/547 (4.20)          1.00                  ---               57/547 (10.42)        1.00                  ---
  Borderline (190--200 mg/dL)                                                106/1050 (10.01)                     2.24 \[1.32--3.80\]    0.003                 99/1050 (9.43)    0.95 \[0.67--1.35\]   0.8                   
  Elevated (220--235 mg/dL)                                                  44/586 (7.51)                        1.69 \[0.95--3.02\]    0.08                  64/586 (10.92)    1.20 \[0.81--1.78\]   0.4                   
  Elevated and decreasing (drops from 260 to 190 mg/dL over time)            11/120 (9.17)                        1.97 \[0.86--4.52\]    0.11                  20/120 (16.67)    1.64 \[0.93--2.91\]   0.09                  
  Very elevated and decreasing (drops from 285 to 240 mg/dL over time)       15/72 (20.83)                        4.17 \[1.94--8.99\]    0.0003                16/72 (22.22)     2.47 \[1.28--4.76\]   0.007                 
  HDL Cholesterol[b](#jah34085-note-0016){ref-type="fn"}                     Very low and stable (35--40 mg/dL)   69/463 (14.90)         3.81 \[2.04--7.15\]   \<0.0001          76/463 (16.41)        2.88 \[1.70--4.89\]   \<0.0001
  Low and stable (45--50 mg/dL)                                              76/783 (9.71)                        2.50 \[1.41--4.45\]    0.002                 90/783 (11.49)    2.01 \[1.25--3.24\]   0.004                 
  Borderline (55--60 mg/dL)                                                  34/687 (4.95)                        1.24 \[0.67, 2.29\]    0.5                   58/687 (8.44)     1.44 \[0.89--2.34\]   0.1                   
  High and increasing (increases from 70/80 to 75/100 mg/dL over time)       16/420 (3.81)                        1.00                   ---                   26/420 (6.19)     1.00                  ---                   
  LDL Cholesterol                                                            Optimal (80--90 mg/dL)               6/323 (1.86)           1.00                  ---               25/323 (7.74)         1.00                  ---
  Borderline (115--120 mg/dL)                                                60/825 (7.27)                        2.97 \[1.24--7.10\]    0.01                  68/825 (8.24)     1.12 \[0.67--1.87\]   0.7                   
  Slightly elevated and decreasing (drops from 145 to 125 mg/dL over time)   75/710 (10.56)                       4.14 \[1.74--9.83\]    0.001                 76/710 (10.70)    1.45 \[0.88--2.40\]   0.1                   
  Elevated and decreasing (drops from 170 to 135 mg/dL over time)            26/290 (8.97)                        3.01 \[1.15--7.85\]    0.02                  45/290 (15.52)    2.29 \[1.30--4.05\]   0.004                 
  Very elevated and decreasing (drops from 220 to 155 mg/dL over time)       6/44 (13.64)                         5.09 \[1.54--16.85\]   0.008                 11/44 (25.00)     4.04 \[1.84--8.89\]   0.0005                
  Log Triglycerides                                                          Optimal (55--70 mg/dL)               26/571 (4.55)          1.00                  ---               55/571 (9.63)         1.00                  ---
  Borderline (81--99 mg/dL)                                                  71/997 (7.12)                        1.35 \[0.84--2.16\]    0.2                   97/997 (9.73)     0.98 \[0.69--1.40\]   0.9                   
  Elevated (134--164 mg/dL)                                                  63/541 (11.65)                       1.86 \[1.13--3.05\]    0.01                  62/541 (11.46)    1.03 \[0.69--1.54\]   0.9                   
  Very Elevated (245--314 mg/dL)                                             11/96 (11.46)                        1.80 \[0.81--3.96\]    0.1                   9/96 (9.38)       0.77 \[0.35--1.66\]   0.5                   
  Non‐HDL Cholesterol                                                        Optimal (100--115 mg/dL)             13/534 (2.43)          1.00                  ---               38/534 (7.12)         1.00                  ---
  Borderline (145--137 mg/dL)                                                92/1043 (8.82)                       3.38 \[1.79--6.39\]    0.0002                104/1043 (9.97)   1.38 \[0.93--2.04\]   0.1                   
  Elevated and decreasing (drops from 185 to 157 mg/dL over time)            52/537 (9.68)                        3.20 \[1.60--6.39\]    0.001                 59/537 (10.99)    1.59 \[1.01--2.51\]   0.047                 
  Very elevated and decreasing (drops from 235 to 180 mg/dL over time)       14/93 (15.05)                        4.60 \[1.98--10.70\]   0.0004                22/93 (23.66)     3.74 \[2.03--6.88\]   \<0.0001              

ASCVD indicates atherosclerotic cardiovascular disease; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein.

All models were adjusted for statin use, smoking status, diabetes mellitus status, body mass index, and systolic blood pressure. Alcohol consumption was also adjusted for in total cholesterol, HDL‐C and LDL‐C models. Total caloric intake was adjusted for in LDL‐C and triglyceride models. Physical activity index was adjusted for in HDL‐C, triglyceride, and non‐HDL‐C models. Use of antihypertensive medications were adjusted for in total cholesterol, LDL‐C and triglyceride models. Baseline hazards were allowed to differ for men and women in all models.

HDL trajectory groups 4 and 5 were combined for analyses to increase statistical power since there were only 2 incident ASCVD events and 5 deaths in group 5.

Blood Total Cholesterol Concentrations and Risk of Outcomes {#jah34085-sec-0025}
-----------------------------------------------------------

Compared with the optimal total cholesterol trajectory group (group 1), those in the borderline group (group 2) and very elevated and decreasing group (group 5) were at an increased risk of ASCVD, with the highest risk in group 5 after adjusting for lipid‐lowering medication use, smoking status, diabetes mellitus, body mass index, SBP, alcohol consumption, and use of antihypertensive medication (Table [4](#jah34085-tbl-0004){ref-type="table"}). In contrast, only individuals with very elevated and decreasing total cholesterol values (trajectory group 5) were at an increased risk of death compared with those in the optimal group with nearly a 2.5‐fold risk of death.

Blood HDL Cholesterol Concentrations and Risk of Outcomes {#jah34085-sec-0026}
---------------------------------------------------------

HDL‐C trajectory groups 4 and 5 (people with consistently high and increasing HDL‐C levels) were combined since there were only 2 ASCVD events and 5 deaths in group 5. Compared with the combined group 4 and 5, those in groups 1 (very low and stable) and 2 (low and stable) were at an increased risk of incident ASCVD and death after adjusting for lipid lowering medication use, smoking status, diabetes mellitus, BMI, alcohol consumption, SBP, and physical activity index (Table [4](#jah34085-tbl-0004){ref-type="table"}). We did not observe a statistically significant difference in risk of ASCVD or mortality between people with borderline HDL‐C levels (group 3) and those in the referent group (ASCVD *P*=0.5, all‐cause mortality *P*=0.1).

Blood LDL Cholesterol Concentrations and Risk of Outcomes {#jah34085-sec-0027}
---------------------------------------------------------

Compared with those with optimal LDL‐C levels (group 1), participants in groups 2 (borderline), 3 (slightly elevated and decreasing), 4 (elevated and decreasing), and 5 (very elevated and decreasing) were at a statistically significant increased risk of incident ASCVD, after adjusting for lipid lowering medication, smoking status, diabetes mellitus, body mass index, total caloric intake, SBP, alcohol consumption, and use of antihypertensive medication (Table [4](#jah34085-tbl-0004){ref-type="table"}). However, this risk was not monotone across increasing groups for incident ASCVD as those with elevated and decreasing LDL concentrations (group 4) were at lower risk than those with slightly elevated and decreasing levels (group 3) when compared with the referent group (group 1). In contrast, only those with elevated and decreasing LDL‐C concentrations (groups 4 and 5) were at an increased risk of death compared with those in the referent group.

Blood Triglyceride Concentrations and Risk of Outcomes {#jah34085-sec-0028}
------------------------------------------------------

We did not observe a statistically significant higher risk of ASCVD or death for those in higher triglyceride trajectory groups compared with the referent group, except when comparing the risk of ASCVD among those in triglyceride trajectory group 3 (elevated) to those in group 1 (optimal) (Table [4](#jah34085-tbl-0004){ref-type="table"}).

Blood Non‐HDL Cholesterol Concentrations and Risk of Outcomes {#jah34085-sec-0029}
-------------------------------------------------------------

Individuals in groups 2 (borderline), 3 (elevated and decreasing), and 4 (very elevated and decreasing) were all at an increased risk of ASCVD compared with those in the optimal (referent) group (Table [4](#jah34085-tbl-0004){ref-type="table"}). As with LDL‐C, only those with elevated and decreasing non‐HDL‐C concentrations (group 3) were at an elevated risk of death compared with the referent group.

Predictive Ability of Lipid Trajectory Groups Compared With Other Methods of Lipid Adjustment {#jah34085-sec-0030}
---------------------------------------------------------------------------------------------

We observed that addition of lipids to the base model (regardless of adjustment method), improved the model\'s predictive capability as reflected by the change in the c‐statistic (Table [S4](#jah34085-sup-0001){ref-type="supplementary-material"}). The change conferred by using trajectory group was generally on par with adjustment for lipid levels at examination 8 or adjustment for average lipid concentrations. Of notable exception, total cholesterol trajectory groups, HDL‐C, and LDL‐C trajectory groups increased the c‐statistic more than either other method when incident ASCVD was the outcome, while HDL‐C trajectory groups outperformed the other methods of adjustment when all‐cause mortality was the dependent variable (Table [S4](#jah34085-sup-0001){ref-type="supplementary-material"}).

Sensitivity Analyses {#jah34085-sec-0031}
--------------------

Results from sensitivity analyses using a weighted approach to the survival analyses and a common set of covariates produced similar results (Tables [S5 and S6](#jah34085-sup-0001){ref-type="supplementary-material"}, Figures [S6 and S7](#jah34085-sup-0001){ref-type="supplementary-material"}) to those described above, demonstrating the robustness of our results to modeling technique and adjustment variables. Additionally, there was no significant association between lipid trajectory groups and risk of incident heart failure (Table [S7](#jah34085-sup-0001){ref-type="supplementary-material"}).

Discussion {#jah34085-sec-0032}
==========

Principle Findings {#jah34085-sec-0033}
------------------

We observed that BMI and smoking were associated with higher circulating concentrations of total cholesterol, LDL‐C, triglycerides, and non‐HDL‐C, and with lower blood levels of HDL‐C. In addition, age and SBP were associated with increased blood concentrations of all lipids, but the age‐related increase in total cholesterol levels was attenuated among men (compared with women) and in those with diabetes mellitus (compared with individuals free of diabetes mellitus). Many of these associations had been previously shown in cross‐sectional analyses and shorter‐term longitudinal analyses,[19](#jah34085-bib-0019){ref-type="ref"}, [20](#jah34085-bib-0020){ref-type="ref"}, [21](#jah34085-bib-0021){ref-type="ref"}, [23](#jah34085-bib-0023){ref-type="ref"}, [25](#jah34085-bib-0025){ref-type="ref"} and our results, using 35 years of data, support these previous findings. The breadth of our data additionally allowed us to discover interactions influencing lipid levels that were previously missed. In particular, we did not expect to observe an interaction between age and diabetes mellitus with respect to total cholesterol concentrations such that the age‐related increase in total cholesterol among those with diabetes mellitus was attenuated compared with those without. However, upon further inspection of our data, we observed that 48.7% of individuals with diabetes mellitus aged ≥65 years reported use of a lipid‐lowering agent compared with only 25.7% of similarly aged individuals without diabetes mellitus. Thus, it is likely that this observed interaction can be explained by extensive use of lipid‐lowering medication, rather than the presence of diabetes mellitus alone.

We also observed that individuals with elevated levels of total cholesterol or non‐HDL‐C throughout the adult life course were at a significantly increased risk of incident ASCVD and death compared with individuals with low and stable levels of these lipids across the life course, after adjusting for confounders. Similarly, we observed that individuals with lower HDL‐C levels over the adult life course were at a greater risk of incident ASCVD and death than those with high levels of HDL‐C throughout adulthood. While trends across trajectory groups for total cholesterol, non‐HDL‐C, and HDL‐C were relatively monotonic (increasing risk of outcome events with increasing total cholesterol and non‐HDL‐C levels and decreasing risk with increasing HDL‐C levels), this was not the case for LDL‐C trajectory groups. We observed that LDL‐C trajectory group 4 was composed of individuals whose LDL‐C values average around 170 mg/dL at age 45 years, and dropped to about 135 mg/dL by age 64 years; this decreasing trend in LDL‐C over time, attributable to the effect of lipid‐lowering medication (Figure [S5](#jah34085-sup-0001){ref-type="supplementary-material"}), explains the non‐monotonic trend in risk across trajectory groups. In contrast with the other lipids, risk of death and incidence of ASCVD did not differ across trajectories of triglycerides. Another potential interpretation of these data may be that chronic exposure to high total cholesterol, LDL‐C, non‐HDL‐C and/or low HDL‐C is a potent driver of elevated ASCVD risk while risk among individuals with optimal or borderline lipid trajectory profiles is driven more by life experience and other ASCVD risk factors.

To our knowledge, this is the first investigation linking long‐term trajectories of lipid levels to ASCVD and mortality, while simultaneously incorporating usage of lipid‐lowering agents. A strength of this analysis is the use of contemporary data for analysis, which may explain why ASCVD risk prediction equations developed in earlier untreated populations predict higher risk in contemporary cohorts with high statin usage. We demonstrated that this approach of adjusting for lipid trajectory groups was *at least* as valuable as adjustment for lipid levels at a single time point or adjustment for the average of multiple lipid measurements. Of note, total cholesterol, HDL‐C, and LDL‐C trajectory groups improved the c‐statistic more than either other method for the ASCVD model, and HDL‐C trajectory groups outperformed the other adjustment methods when all‐cause mortality was the dependent variable.

Comparison With Published Literature {#jah34085-sec-0034}
------------------------------------

It has been reported that, at a US population level, total cholesterol levels have been decreasing over the past 2 decades but as Ford and Capewell reported, much of this decrease is likely because of increased use of lipid‐lowering medications rather than dietary or behavior modifications.[22](#jah34085-bib-0022){ref-type="ref"} Our results, depicted in the trajectory plots ([Figure](#jah34085-fig-0001){ref-type="fig"} and Figure [S5](#jah34085-sup-0001){ref-type="supplementary-material"}), support the role of lipid‐lowering medication usage since we observed a decline in elevated total cholesterol levels when including participants using lipid‐lowering medication ([Figure](#jah34085-fig-0001){ref-type="fig"}) but observed relatively stable elevated total cholesterol concentrations when limiting to individuals who reported no use of lipid‐lowering medication (Figure [S5](#jah34085-sup-0001){ref-type="supplementary-material"}). In particular, 74% of the individuals in total cholesterol trajectory group 5 (very elevated and decreasing) were on statins at exam 8 compared with 10% in the lowest total cholesterol trajectory group.

The American Heart Association identified untreated total cholesterol \<200 mg/dL as 1 of 7 components of ideal cardiovascular health.[35](#jah34085-bib-0035){ref-type="ref"} In the 2015 update of the Heart Disease and Stroke Statistics, Mozaffarian et al[36](#jah34085-bib-0036){ref-type="ref"} used unpublished NHANES (National Health and Nutrition Examination Survey) data to determine that 46.4% of American adults between 2011 and 2012 satisfied this component of ideal cardiovascular health. In the current investigation, the 1213 untreated individuals in the 2 lowest total cholesterol trajectory groups, or 51.1% of the overall prospective sample, would meet the criterion of untreated total cholesterol \<200 mg/dL, which is consistent with the estimates from NHANES.

The causal link between lipid levels, particularly HDL‐C, and cardiovascular disease has recently been under debate.[37](#jah34085-bib-0037){ref-type="ref"} The HDL function hypothesis posits that a pathway toward ASCVD is not HDL‐C levels themselves, but rather may be HDL function. Unfortunately, blood HDL‐C concentration measurements cannot accurately estimate HDL function. While the present investigation did not examine causality, the results are concordant with Rader and Hovingh\'s assertion that, regardless of causality, HDL‐C and other lipids are still important markers of cardiovascular risk.[37](#jah34085-bib-0037){ref-type="ref"}

Sarwar et al[38](#jah34085-bib-0038){ref-type="ref"} reported a significant association between triglyceride levels and risk of cardiovascular disease, but in this study we did not observe an association of triglyceride trajectory group with either outcome, which is consistent with some other investigations.[3](#jah34085-bib-0003){ref-type="ref"}, [39](#jah34085-bib-0039){ref-type="ref"}, [40](#jah34085-bib-0040){ref-type="ref"} It is possible that we did not observe this association because of lack of statistical power since Sarwar\'s investigation included meta‐analyzed data on 262 525 individuals. However, in a 2009 investigation, the Emerging Risk Factors Collaboration did not observe an association between triglyceride concentrations and risk of coronary heart disease in their meta‐analysis of 68 studies with data from 302 430 individuals, so lack of statistical power may not, in fact, be the sole reason for our null findings about triglycerides and risk of ASCVD[3](#jah34085-bib-0003){ref-type="ref"}; the use of fasting triglycerides, as opposed to post‐prandial or non‐fasting levels may underestimate the ASCVD risk associated with triglycerides.[41](#jah34085-bib-0041){ref-type="ref"}

Regardless of the strength of the association between triglyceride concentrations and risk of ASCVD, Sarwar et al, Hulsegge et al, and the Emerging Risk Factors Collaboration (2009) also observed that triglyceride levels tended to be stable over time and/or age groups,[3](#jah34085-bib-0003){ref-type="ref"}, [38](#jah34085-bib-0038){ref-type="ref"}, [39](#jah34085-bib-0039){ref-type="ref"} which may indicate that fewer measurements of triglyceride levels during adulthood may be sufficient to estimate the ASCVD risk that is attributable to triglyceride levels.[3](#jah34085-bib-0003){ref-type="ref"}

In terms of ASCVD and mortality risk associated with non‐HDL‐C concentrations, our results are concordant with those of Navar‐Boggan et al who reported that even moderate elevations in non‐HDL‐C during young adulthood increase risk of coronary heart disease in later life[42](#jah34085-bib-0042){ref-type="ref"} and Abdullah et al who described strong associations between elevations in non‐HDL‐C and mortality.[43](#jah34085-bib-0043){ref-type="ref"}

Strengths and Limitations {#jah34085-sec-0035}
-------------------------

The current investigation has several strengths. It has been shown that use of repeated measurements increases the ability to more accurately quantify risk.[13](#jah34085-bib-0013){ref-type="ref"}, [44](#jah34085-bib-0044){ref-type="ref"} Here, we used repeated measurements of lipids on the same individuals over the course of 35 years and 8 quadrennial examination cycles, enabling us to look at long‐term profiles of the individual lipids and then link those trajectories to risk of ASCVD and all‐cause mortality. Previous literature assessing the association between lipid levels and risk of ASCVD and mortality did not link long‐term trajectories to these outcomes as we did, and thus this investigation fills a gap in the current knowledge. While the approach seems complicated, the use of trajectories allows for a visual representation of patterns over time, which is valuable in and of itself, and we demonstrated that these groupings are useful as adjustment variables in survival analyses. In addition, we have continuous surveillance for ASCVD and death outcomes at Framingham Heart Study and the collected data allows for comprehensive adjustment for risk factors. The limitations of our investigation also warrant comment. Women\'s lipid levels change during pregnancy, which we were unable to account for in our models since pregnancy data in this cohort is relatively sparse. However, pregnancy was ascertained at examination cycle 2 and at that time, less than 0.2% of women who attended the examination were pregnant, so it is unlikely that the inability to adjust for pregnancy biased our results. Additionally, not all participants had lipid measurements at each of the 7 examination cycles that contributed to the creation of the trajectory groups. However, there was an average of 6 examinations at which lipid measurements on any given participant was available. Since this average number of examinations was consistent among all trajectory groups for each lipid, it is unlikely that the results were skewed because of missing data. In addition, the average age of participants at entry into the correlates and trajectory samples was 48 years; thus it is possible that the outcomes we observed (particularly for those in the highest total cholesterol, LDL‐C, and non‐HDL‐C trajectory groups) were influenced by exposures that occurred before study entry and, as we did not observe such exposures, we are unable to account for them. It is possible that our null results for triglycerides are attributable to high day‐to‐day variability. A Mendelian randomization approach would control for this variability, but because of the sample size restrictions and aim of the current investigation, we felt that this was beyond the scope of the present work. Finally, our sample was primarily composed of white individuals of European ancestry, and thus the generalizability of our results to other ethnicities is unknown.

Conclusions {#jah34085-sec-0036}
-----------

Unfavorable lipid trajectories over the adult life‐course confer a higher risk of ASCVD. Long‐term exposure to elevated LDL‐C and non‐HDL‐C concentrations increases ASCVD risk that can only be partially attenuated by commencing a statin regimen, and incorporation of these trajectories adds information to ASCVD risk prediction. Since it has been demonstrated that ratios of lipids can be more predictive of cardiovascular risk than individual lipids alone,[45](#jah34085-bib-0045){ref-type="ref"}, [46](#jah34085-bib-0046){ref-type="ref"} our investigation lays the groundwork for future exploration into how the combination of multiple lipid trajectories or trajectories of lipid ratios can predict ASCVD and mortality risk.
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**Figure S1.** Timeline and sample selection.

**Figure S2.** Generation of samples used to assess the correlates of the lipids under study. CVD indicates cardiovascular disease; FHS, Framingham Heart Study; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein.

**Figure S3.** Generation of samples used to create trajectories of lipids. CVD indicates cardiovascular disease; FHS, Framingham Heart Study; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein. CVD indicates cardiovascular disease; FHS, Framingham Heart Study; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein. ^†^Covariates: Lipid‐lowering medication, smoking status, diabetes mellitus, body mass index, systolic blood pressure, moderate‐to‐heavy drinking, and antihypertensive medication. ^‡^Covariates: Lipid‐lowering medication, smoking status, diabetes mellitus, body mass index, systolic blood pressure, moderate‐to‐heavy drinking, and physical activity index. ^§^Covariates: Lipid‐lowering medication, smoking status, diabetes mellitus, body mass index, systolic blood pressure, moderate‐to‐heavy drinking, total caloric intake, and antihypertensive medication. ^‖^Covariates: Lipid‐lowering medication, smoking status, diabetes mellitus, body mass index, systolic blood pressure, total caloric intake, physical activity index, and antihypertensive medication. ^\#^Covariates: Lipid‐lowering medication, smoking status, diabetes mellitus, body mass index, systolic blood pressure, total caloric intake, and physical activity index.

**Figure S4.** Generation of samples used for incidence analyses.

**Figure S5.** Lipid trajectory plots among participants not on lipid‐lowering treatment.

**Figure S6.** Kaplan--Meier curves for ASCVD stratified by trajectory groups.

**Figure S7.** Kaplan--Meier curves for all‐cause mortality stratified by trajectory groups.
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